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EARTH-APPROACHING A S T E R O I D S :  P O P U L A T I O N S J  I , ,  , 3 .  
O R I G I N ,  AND C O M P O S I T I O N A L  T Y P E S  . I  : ! 
.L 
E. M. SHOEMAKER and E. F. HELIN 
Diuieion of Geological and Ptanetary Sc' *ences 
CaZifornia Institute of Technology 
Pasadena, California 92125 
Earth-approaching as tero ids  a re  small bodies of s t e l  l a r  appearance 
which pass c lose t o  the o r b i t  of t h e  Earth. Some of these as tero ids  
a re  the  eas ies t  bodies t o  reach by spacecraft, beyond the Moon. 
Physical  observations suggest they have a broad range o f  composit ion 
and t h a t  a t  l e a s t  a few may be the most p r i m i t i v e  s o l i d  bodies t h a t  
B a re  r e a d i l y  accessible f o r  d e t a i l e d  study. Hence they are  o f  spe- 
' I  
A- c i a 1  i n t e r e s t  f o r  exp lora t ion .  A t  l e a s t  two d i f f e r e n t  k inds o f  
. . bodies probably are  represented among the Earth-approaching as te r -  
I oids:  (1)  fragments o f  main b e l t  asteroids,  and (2)  e x t i n c t  comet 
I nuc le i .  The number o f  Mars-crossing as tero ids  appears t o  be s u f f  i- 
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c i e n t  t o  sus ta in  no more than 20% o f  t he  Earth-crossing as te ro id  r .: :i' . popula t ion  i n  steady-state, and the  r a t i o  of the  number of Earth- 
9 crossers t o  Amor as tero ids  (1.02 AL < q 5 1.30 AU) appears t o  be an 
order of magnitude higher than t h a t  expected, if a l l  near-Earth ob- I 
j e c t s  were der ived from Mars-crossers. Hence, a1 though Amor as te r -  ! 
o ids  a re  approximately i n  e q u i l i b r i u m  w i t h  and may be der ived mainly I I 
from shal  lower Mars-crossers, the Earth-crossing as tero ids  are  i n -  
f e r r e d  t o  be p r i m a r i l y  o f  d i f f e r e n t  o r i g i n .  The supply of e x t i n c t  ' , 
sho r t  per iod comets seems t o  be adequate t o  sus ta in  the popu la t ion  
o f  Earth-crossers, b u t  l i t t l e  i s  known about t he  u l t i m a t e  s t a t e  of 1 
degassed comet nuc le i .  I _ i .  
' # 5  
Precise phys ica l  observations have been made on somewhat more than 
a dozen near-Earth asteroids.  Observed Amors occupy a broad reg ion i I / :  , .
i n  t he  U-B versus B-V c o l o r  domain, whereas the observed Earth-  I .  
crossers have a more r e s t r i c t e d  range of co lo r .  The UBV f i e l d s  of I - - .  
observed Amors and Earth-crossers e x h i b i t  moderate overlap. I t  i s  
commonly be1 ieved t h a t  e x t i n c t  cometary nuc le i  might  resemble C-type 
as tero ids ,  bu t  no more than two C-type ob jec ts  have been discovered 
so f a r ,  among the  near-Earth objects.  If Earth-crossers are domi- 4 J 
nan t l y  o f  cometary o r i g i n ,  i t  appears l i k e l y  t h a t  there  are unusual ly < ,  ' ,  
s t rong observat ional  s e l e c t i o n  e f fec ts  which decrease the chances of 
f i n d i n g  C-type ob jec ts  o r  t h a t  t he  expectat ions concerning the  c o l o r  
. - 
and o the r  p rope r t i es  of e x t i n c t  comets are  i n  e r r r r .  
INTRODUCTION 
The term Earth-approaching as te ro id  i s  used here t o  Jesignate small bodies of s t e l l a r  
appearance which a re  on o r b i t s  t h a t  a l low them t o  pass r e a r  1 AU. A few of t he  known 
Earth-approaching as tero ids  are  the eas ies t  bodies t o  !each by spacecraft, beyond the 
Noon. Physical  observations o f  these ob jec ts  suaoect t h a t  they have a broad range of com- I 
, . pos i t i on ;  some probably are  the  most p r i m i t i v e  s o l i d  ob jec ts  t h a t  are  r e a d i l y  accessible 
fo r  d e t a i l e d  study. 1 t i  
* \ .  
Besides t h e i r  i n t r i n s i c  s c i e n t i f i c  i n t e r e s t ,  the  Earth-appr3actling as tero ids  are  b , ,  
espec ia l l y  a t t r a c t i v e  f o r  exp lo ra t i on  because o f  t h e i r  very small s i z e  and because of I. 
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unusual ly small impulses requ i red f o r  rendezvous a t  aphelion. Landing and escape from 
these bodies requ i res  min lscu le  propuls ion.  A man cou ld  achieve escape v e l o c i t y  from 
most of  them by jumping. For some of the  Earth-approaching as tero ids ,  spacecraft t r a j e c -  
t o r i e s  can be found where t h e  sum of rendezvous and Ear th  r e t u r n  impulses i s  i n  t he  range 
of 2-3 km/sec. Wl~at t h i s  adds up t o  i s  f e a s i b i l i t y  of sample re tu rn .  Much of the s t o r y  
t h a t  these small wanderers have t o  t e l l  concerns the  e a r l y  steps of acc re t i on  of s o l i d  , I  . , 
mat ter  i n  t he  s o l a r  system. But t he  f u l l  s t o r y  can be wrung frm them on ly  w i t h  t h e  i i d  4 i *  
of powerful techniques app l ied  t o  samples i n  l abo ra to r i es  here on Earth. The prospect o f  
s . ,  
sample r e t u r n  missions makes the Earth-approaching as tero ids  o f  spec ia l  i n t e r e s t  f o r  ex- ,  ' % 
p l o ra t i on .  : ! 
' ' I  
j i 
POPULATIOfiS OF PLANET-CROSSING ASTEROIDS . r  ' 
Somewhat more than 40 Earth-approaching as tero ids  h i v e  been d l  scovered i n  the course : , 
of the  past  80 years of  astronomical observation. Those as tero ids  whizh approach but  do . 
not  cross the present o r b i t  of  t he  Ear th  have been c a l l e d  Amor as tero ids .  This designa- , 
t i o n  i s  app l ied  here t o  a l l  as tero ids  w i t h  p e r i h e l i o n  distance, q, between 1.017 and 
1.300 AU. A l i t t l e  less than h a l f  o f  the  Earth-approaching as tero ids  a re  Amors. The re-  
- : i i  < maining ob jec ts ,  w i t h  $ 2 1.017 AU ( t h e  present aphel ion d is tance of the  Earth) ,  a re  re fer red t o  here as Earth-crossing asteroids.  From the standpoint  of p o t e n t i a l  spacecraf t  
missions, i t  i s  convenient t o  d i s t i n g u i s h  between Earth-crossing as tero ids  w i t h  semimajor I 
axes, a, g reater  than 1 AU, here re fer red t o  by the conventional term A?ol lo  as terc ids ,  
and those w i t h  a 2 1 AU, which w i l l  be designated 1976AA-type asteroids.  A1 1 known Amor I 
and Apo l lo  as tero ids  cross the  o r b i t  of  Mars, whereas the two known examples of 1976AA.- - I 
type as tero ids  do not .  I n  add i t ion ,  there  are  about 50 Mars-crossing as tero ids  w i t h  ! I  
q > 1.3 AU. These w i l l  be designated here simply as Mars-crossing as tero ids  o r  Mars- ? ! 
crossers. 
While the l i n e  drawn between Amor as tero ids  and Earth-crossers i s  use fu l  f o r  d iscus- 
s ion  of spacecraft missions, i t  i s  ra the r  a r b i t r a r y  from the p o i n t  of view of c r b i t  evo- I .  
. #; 
l u t i o n  and o r i g i n  of  these bodies. As a consequence of  secular per turbat ions,  a t  l e a s t  
three known Amors, Quetza lcoat l ,  Cuyo, and Be tu l i a ,  a re  Earth-crossing dur ing p a r t  o f  ! I ; 1 .: 
t h e i r  secular v a r i a t i o n  cyc le  (Wethe r i l l  and Wi l l iams, 1968; Wethe r i l l ,  1976; Wil l iams, 1 ,  
, ' b  = persona1 comnunication, 1978). A few o the r  Amors, w i t h  q s l i g h t l y  greater  than 1 AU, may , I 
a lso  be p a r t - t i n e  Earth-crossers. By the same token, not  a l l  as tero ids  w i t h  q 5 1.017 , I  . I '  
are  f u l l - t i m e  Earth-crossers. Most Amor as tero ids ,  over long per iods of time, probably 
evolbe i n t o  f u l l - t i m e  ' - r th-crossers as a r e s u l t  of  st rong per turbat ions dur ing c lose  
encounters w i t h  Mars and h i  t h  the Ear th  (Wethe r i l l ,  1976). 
Three surveys i n  which p lanet -c ross ing as tero ids  have been discovered a re  especidi  l y  
usefu l  f o r  es t imat ing the populatton: o f  these ob jec ts :  (1 )  t he  Palomar t ia t iond l  Geo- 
graphic Sky Survey (PNGS), conducted w i t h  the 122 cm Schmidt camera a t  Palomar Mountain, 
\ Ca l i f o rn ia ;  (2)  the L i c k  Proper Motion Survey (LPM). conducted w i t h  the 51 cm astrograph a t  L i c k  Observatory, M t .  Hamilton, C a l i f o r n i a ;  and (3 )  the P lanet -Cross i~ lg  Astero id  
\ .?.,: Survey (PCA) condllcted w i t h  the 46 cm Schmidt camera a t  Palomar ttountain. Discover ies o f  
p laf iet-crossing as tero ids  from these three surveys are  l i s t e d  i n  Table 1. Omitted from 
Table 1 i s  the Mars-crossing a s t e r o i d  19490A. discovered i n  the LPM survey. Because on ly  
ob jec ts  r e l a t i v e l y  c lose t o  the Ear th  t h a t  produced long t r a i l s  on the PNGS and LPM p la tes  
dere fo l lowed foi. o r b i t  determinat ion,  ne i the r  the PNGS nor LPM observations a re  s u i t a b l e  
f o r  es t imat ion of the popu la t ion  of Mars-crossers. 
I - 
Combined discover ies from a1 1 three stirveys a r e  used here to  es t imate  the  populat ions , " 
of Earth-approachi ng asteroids,  and d iscover ies  from the PCA s u r v e  a r e  used t o  est imate / I , ' * .  \. : the popu la t ion  of  Mars-crossers. The area of sky photographed as independent f i e l d s  , \ (exc lud ing over lap of p la tes )  i s  as Collows: 
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............... PNGS Survey 54,000 square degrees A ' , ;  . - 
LPM Survey ................ 44,000 square degrees 
................ PCA Survey 66,000 square degress ( f i r s t  f i v e  years)  I 
! . '  
Estimates o f  the popu la t ions  of g iven c lasses o f  as tero ids  can be obtained by the  
fo l l ow ing  method. The magni tude-frequeccy d i s t r i b u t i o n  o f  each c lass  of p lane t - c ross i ;~g  I 
as tero ids  i s  assumed t o  be of the  form, 
bv I 1 N, = Ye ( 1 )  
where Nv i s  the  cumulat ive number o f  as tero ids  equal i n  abso lu te  magnitude t o  v  c r  br ic jhter ,  
v  i s  the  absolute v i s u a l  magnitude, ~ ( 1 . 0 ) .  and K and b  a re  constants t o  be determined by 
observation. The magnitude-frequency d i s t r i b u t i o n s  o f  bc th  main b e l t  as te ro ids  and inac- 
t i v e  comet nuc le i  f o l l o w  t h i s  simple exponent ia l  law c lose l y ;  the  size-frequency d i s t r i -  
bu t ions  of l a rge  c r a t e r s  ofi t he  Moon, Mars, and Mercury i n d i c a t e  t h z t  p lanet -c ross ing 
as tero ids  must a l so  'lave a  magnitude d i s t r i b u t i o n  o f  t h i s  Form. The c o e f f i c i e n t  i n  the 
expo-!dnt, b, i s  observed . be c lose  t o  1  f o r  a l l  c lasses o f  small bodies. 
The constant  K i n  Eauation ( I )  i s  determined from the systematic surveys by means o f  
the  fo l l ow ing  equation. I 
I i ' 
D 
i 1 1  where Pv i s  the  cumlrlat ive number o f  as tero ids  of a  a i ven  o r b i t a l  c lass  observed i n  a  'ys- I temai ic  sklrvey, U i s  the :quare degrees of sky photogi'aphed, and F ( v )  i s  a func t ion  re -  
1 i i a ted  t o  t h f  atea searched i n  each o r b i t  plane, f o r  ob jec ts  of a  g iver  v, when one of the 
1 1 .  modes l i e s  a t  opposi t ion;  i ( v )  i s  a  f unc t i on  r e l a t e d  t o  the mean t ime spent i n  the search 
1 %  
I 
area by as teru ids  o f  a  g iven v, assuming random d i s t r i b u t i o n  of the arguments of p e r i  he- 
i l i o n ;  and I ( v )  i s  a  f unc t i on  r e l a t e d  t o  the mean r e l a t i v e  s i z e  o f  the  search area, f?r ob- 
i j e c t s  of a  g iven v, w i t h  r a n d a ~ l y  d i s t r i b u t e d  long i tudes o f  the node. A node1 of the  
, phu~omet- ic  phase func t i on  and in format ion  on the  frequency dist r ibu ' . iot :s  c f  p e r i  he1 i o n  
and aphel ion f o r  each c lass  o f  ob jec ts  are  requ i red  t o  so lve  F (v ) .  Kncwledge qf frequency 
d i s t r i b u t i o n s  of the  o r b i t a ;  elements a, e, and i f o r  each c lass  of ob jec t s  i s  reqd i red  t o  j i i solve the func t ions  T!v) arrd I ( v ) .  The requ i red  m p i r i c a l  i n f o n a t i q n  i s  obtained from the sample of knowq ob jec ts  i n  each o r b i t a l  c lass .  
! 1 .  
I 
The lower l i m i t  o f  i n t e g r a t i o n  i n  Eqcation ( 2 ) .  vmin, i s  s e t  by the s i n g l e  b r i g h t e s t  1 \ / ; ob jec t  g iven b. Equation ( 1 )  ?*Id i s  found by i t e r a t i v e  s o l u t i o n  f o r  K.  The upper l i n  i t  
of i n teg ra t i on .  vmax. i s  c o n t r o l  l ed  by the e f f e c t i v e  n~agni tude t l l resho ld  o f  d e t e c t i c d  f o r  1 fast-moving object: f o r  a  g iven telescope and photog!'aphic emulsion. As vmax i s  a l so  Oe- pendent on the care  w i t h  ..hich p la tes  a re  searched f o r  moving o b j e c t \ .  i t  must be detec-  
mined re t rospec t i ve l y  from the o b i ? c t s  of h ighest  magnitude discovered i n  a  g i ~ e n  survey. 
j i  The values o f  k der ived from Equation ( 2 )  are  higtl:y dependent upon the  independently estimated v:!!ies o f  D; the r e s u l t i n g  values of Pv a t  v  = 18, however. a r e  r e l a t i v e l y  i n -  
i i  s e n s i t i v e  t o  p l a u s i b l e  v n c e r t a i n t i e s  i n  b. 
I Estimate> a re  given i n  Table ? Tor the populat ions of the d i f f e r e n t  c lasses of p lanet -  1 
cross ing as te ro ids  t o  absolute v i sua l  magnitude 18 ( ~ a u i v a l e n t  t o  l b o u t  0.7 t o  1.5 km ! 
diameter). E r ro rs  l i s t e d  i n  the t a b l e  are _+ one standard dev ia t io r ,  and a r e  der ived s o l e l y  
from the s t a t i s t i c a l  unce r ta in t i es  associated w i t h  the  small number 01 d iscover ies .  The i \ 
next  l a rges t  sources o f  formal e r r o r  l i e  i n  the determinat ion  o f  v n ~ x  and i n  the  ~ s t i m a -  I .  
b t i o n  o f  b. A l l  o ther  formal e r r o r s  are small by comparison. 9 
i 64 
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Table 2. Estimated Populations o f  Planet-crossing Asteroids 
- 
Estimate froin Systematic Est imate by Wethe r i l l  
Surveys; Cumulative Num- (1976); Cumulative 
ber t o  V(1,O) = 18 Number t o  B(1,O) = 18 
- 
800 -+ 300 
Amor as tero ids  
Moderate t o  .ha1 low Mars-crossers 10.000 ' 5,000 
Mars-crossing as tero ids  a re  subdivided i n  Table 2 i n t o  two categor ies,  moderate t o  
shallow Mars-crosse~s and Mars-"grazers." This i s  done because two ou t  o f  the  s i x  Mars- 
Also l i s t e d  i n  Table 2 are  estimates o f  the  populat ions (cumulat ive number t o  ' I  i 6 
B(1,O) = 18) of Earth-crossers, Amors, and shallower Mars-crossers obtained by Wethe r i l l  
(1976) using d i f f e ren t  methods. For t y p i c a l  values of 0-V near 0.8 f o r  p lanet-crossing ' -  
astero ids ,  the  cumulative number o f  as tero ids  t o  V(1,O) = 12 w i l l  be about tw ice the num- 
ber t o  B(1,O) = 18, f o r  any given o r b i t a l  c??ss .  Wi th in  the  unce r ta in t i es ,  W e t h e r i l l ' s  
estimates agree w i t h  those der ived here from d iscover ies  i n  the  systeniatic curveys. 
' 
ew percent of the  Earth-apprnaching as ter -  
O R I G I N  AND ORBITPI. '. J -  JTION OF PLANET-CROSSING ASTEROIDS 
;-:. 
,;.. A t  l e a s t  two d i f f e r e n t  kinds o t  b td ies  probably are  represented among the known 
;p- . . .  . -  .  \ f .  -  s:- . . . 1 Earth-approaching as tero ids :  (1)  ob jec ts  o r  fragments o f  ob jec ts  which res ide  i n  o r  were der ived from the main as te ro id  b e l t ,  and ( 2 )  nonvo la t i l e  residua o r  cores of  the  nuc le i  
- 
, I  J .  . 
L - :*> 165 ! ; , .. 
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of e x t i n c t  pe r iod i c  conlets. The former category includes ob jec ts  which were on Mars- 
crosqing o r b i t s  t o  s t a r t  w i t h  o r  were i n i t i a l l y  c lose t o  regions o f  secular resonance o r  
of low order  commensurability w i t h  Jup i te r .  The second category of bodies i s  der ived 
u l t i m s t e l y  from much more d i s t a n t  pa r t s  o f  t h e  s o l a r  system. Per iod ic  comets a r e  cap- 
tu red from t h e  Oort  c loud and perhaps nearer regions o f  t he  s o l a r  system by c lose  en- 
counters w i t h  Jup i te r ;  a small f r a c t i o n  o t  these pe r iod i c  comets i s  trapped i n  very sho r t  
per iod o r b i t s  w i t h  aphel ion distances near 4 AU by a combination of J u p i t e r  encounters and 
nongravi t a t i o n a l  forces. An example of such a comet i s  P/Encke. Whatever n o n v o l a t i l e  
residue may remain from such ob jec ts  a f t e r  l o3 - l o4  years w i l l  be as te ro ida l  i n  appear;.nce. 
As a consequence of encounters w i t h  t h e  t e r r e s t r i a l  p lanets,  f u r the r  evo lu t i on  o f  t he  o r -  
b i t s  of both  "as tero ida l "  and "cometary" near-Earth objects,  p a r t i c u l a r l y  o f  Earth- 
crossers, r e s u l t s  i n  an ex tens ive  over lap of t he  o r b i t a l  c h a r a c t e r i s t i c s  o i  the  two 
classes of objects.  
As Earth-approaching as tero ids  are  der ived, i n  pa r t ,  from shal lower Mars-crcssers, 
i t  i s  of i n t e r e s t  t o  examine f i r s t  the  o r i g i n  of these l a t t e r  ob jec ts ,  which a r e  tne most 
numerous o f  t he  planet-crossing as tero ids .  Typ ica l  dynamical l i f e t i m e s  of Mars-crossers 
a re  o f  t he  order  o f  1-2 AE (Wethe r i l l ,  1976). Hence, many Mars-crossers probably have 
remained on Mars-crossing o r b i t s  s ince the p r i n c i p a l  per iod of p lanetary  accre t ion .  Such 
ob jec ts  can be viewed as unaccreted planetesimals o f  Mars. The dynamical l i f e t i m e  almost 
c e r t a i n l y  exceeds the  fragmentation 1 i f e t i m e  of most Mars-crossers near V(1,O) = 18; 
as tero ids  i n  t h i s  s i z e  range probably a re  produced c h i e f l y  by r e l a t i v e l y  recent c o l l  i s i o n -  
a1 fragmentation o f  l a r g e r  Mars-crossers. The est imate of t h e  popu la t ion  of Mars-crossers 
t o  V(1,O) = 18, g iven i n  Table 2, i s  ex t rapo la ted from obse-dat ions o f  l a r g e r  as tero ids  
on the basis of an assumed magnitude d i s t r i b u t i o n  law which, as shown by Dohnanyi (1971), 
corresponds approximately t o  an equi 1 i b r i um fragmentation d i s t r i b u t i o n .  
Small Mars-crossers may a l s o  be der ived by fragmentation of as tero ids  adjacent t o  
surfaces o f  secu lar  resonance i n  the  as te ro id  b e l t  discovered by Wi l l iams (1969), o r  as- 
t e ro ids  near the Kirkwood gaps, i n  p a r t i c u l a r  t he  gap a t  t he  3 : l  commensurability w i t h  
Jup i te r .  Mechanisms by which meteor i te-s ized fragments can be i n j e c t e d  from these regions .' , 
i n  the main b e l t  i n t o  planet-crossing o r b i t s  have been described by Zimnernlan and Wethe r i l l  
(1973). Scho l l  and Froeschl6 (1977). and Wethe r i l l  (1977). M u l t i p l e  c o l l  i s i m  s a re  re-  ' \ :  
qu i red  f o r  i n j e c t i o n  from the margins o f  the  Kirkwood gaps a t  t he  2 : l  and 5:2 comnensura- I .. 
b i l i t i e s ,  and i t  3ppears u n l i k e l y  t h a t  more than a few k i lometer -s ized Mars-crossers can I -  
be der ived i n  t h i s  way. Main be1 t astero ids  near surfaces of secu lar  resonances, on the  
o ther  hand, may be an important  source o f  small Mars-crossers, and many known Mars- I 
crossers l i e  c lose t o  these surfaces (M i l  l iams, 1971). For example, two ou t  o f  s i x  Mars- 
crossers l i s t e d  i n  Table 1 . l ie .very  c lose t o  secular yesoqances; 1974UA l i e s  adjacent t o  
the Hungaria region, near L = vg, and.1974UB i s  near n = v16 (F igure  1) ;  1973SA, near the 1 : ; \  
Flora  region, i s  moderately c lose t o  5 = V, (Wi l l iams, personal communication. 1978). I 
None o f  the Mars-crossers discovered i n  the PCA survey a r e  f a r  removed from , secular 
resonance. 
A s i g n i f i c a n t  f r a c t i o n  c f  t he  Mars-crossers i s  poss ib ly  der ived from e x t i n c t  comets. 
A l i s t  o f  h a l f  a dozen Mars-crossers w i t h  aphel ion distance, Q, near 4 AU q iven 5y Marsden 
(1971) and a s i m i l a r  l i s t  by Sekanina (1971) may inc lude ob jec ts  of cometary o r i q i n .  
Close encounters w i t h  Mars can reduce Q, moreover, so t h a t  some Mars-crossers w i t h  l ess  
eccent r ic  o r b i t s  may a l so  be e x t i n c t  comets. 
A l a rge  f r a c t i o n  o f  the  as tero ids  i s ,  ev ident ly ,  der ived from shallower Mars- I 
crossers. If the hllors were i n  dynamical e q u i l i b r i u m  w i t h  Mars-crossers, then the r a t i o  
of  t he  number of  shallow Mars-crossers should equal the  r a t i o  of t h e i r  respect ive  1 i f e -  
times (Ob,k, 1963). As seen from Table 2, the  r a t i o  of Amors t o  shal low Mars-crossers i s  ; i \  \ 
about 1/20 t o  1/10, whereas the  r a t i o  of  t he  l i f e t i m e s  of Amors t o  those of shallow Mars- ! 
crossers i s  about 1/10 t o  115 (Wethe r i l l ,  1976). The number o f  Amors appears t o  be s l i g h t -  ' 
l y  low f o r  dynamical equ i l ib r ium,  but  the  discrepancy i s  w i t h i n  the unce r ta in t y  of e s t i -  
mation. I 
' ,' 
- Fig.  1. Surfaces o f  secular resonance i n  the 
as te ro id  b e l t  ( a f t e r  Wi l l iams, 19G9) and pos i -  
t i o n  o f  Mars-crossing as tero ids  discovered i n  
the PCk survey. 
SEMI -MAJOR AXIS (AU) 
A s i g n i f i c a n t  nu~nber o f  the  Amors, perhaps even the ~ n a j o r i  t y  (Wetheri 11, personal 
communication, 1978) may be o f  colnetary o r i g i n .  The most l i k e l y  e x t i n c t  comet aniong the 
known ob jec ts  i s  Be tu l i a ,  which has a maximum Q o f  3.9 AU and a present o r b i t a l  i n c l  ina- 
t i o n  of 52". I t s  Jacobi constant  w i t h  respect  t o  J u p i t e r  suggests i t  lllay be a coaetary 
ob jec t  (Kresak, 1977). I t  should be noted. however. t ha t  Cetu l ia ,  d t  times, crosses not  
only the o r b i t s  o f  Mars and the Earth. but  a l so  the o r b i t  o f  Venus. Gy c lose encounter 
w i t h  Ilars, Earth, o r  Venus the Jarobi conytant  w i t h  respect  t o  J u p i t e r  can changc abrupt-  
l y ,  and the o r b i t  o f  Betu l  i a  can become less o r  more comet-1 i ke w i t h  time. 
Earth-crossing asteroids,  i n  con t ras t  t o  the k o r s .  a re  c l e a r l y  not  i n  dyndmical 
equ i l i b r i um w i t h  shallow Mars-crossers nor a re  they i n  d i r e c t  e u i l i b r i u m  w i t h  the An~ors. 9 The t y p i c a l  l i f e t i m e  o f  E- r th-crossers  was reported as 0.5 l o k  y r ,  by Wethe r i l l  and 
Wi l l iams (1968) and as 20 .2  * l o 8  y r  by Wethe r i l l  (1976). I f  Ear th-cr~sset 's  were der ived 
e n t i r e l y  from shallow Mars-crossers and were i n  equi 1 ib r ium w i t h  Vars-crosset's, thest 
should be about 50- 100 times less numerous than Mars-crossers and abou' 10 times less  
nunierous than Amors. The f i gu res  i n  Table 2 show tha t  t h i s  i s  n o t  the  case. There are  
too Illany Earth-ct-ossing as tero ids .  
The excess o f  Ea r th -c ross i i g  as tero ids  can be seen very simply i n  another way. If 
a l l  Earth-crossers were i n  dynamical equ i l i b r i um w i t h  Amors, then. w i t h  decredsing q. 
there would be a r e l d t i v e l y  rapid.  order o f  niagni tude drop i n  the number o f  as tero ids  
near the threshold of  F ,  .h-crossing. The reason f o r  t h i s  i s  t ha t  the p r o b a b i l i t y  o f  
c o l l i s i o n  o r  e j e c t i o n  o f  an A m ~ r  from the s o l a r  system as a consequence o f  encounters 
w i t h  Mars i s  much smal ler  than the p r o b a b i l i  t y  o f  c o l l i s i o n  o r  e j e c t i o n  o f  an Earth- 
crosser as a consequence o f  encounters w i t h  the  Earth.  This i s  so p r i m a r i l y  because the 
Earth i s  an order of  magnitude more massive. and. therefore,  g r a v i t a t i o n a l l y  an order of 
mdgni tude niore a c t i v e  than Mars. Contrary t o  expectat ion.  however, the  number of  Aniors 
and Earth-crossing as tero ids  i s  near ly  u n i f o r n ~ l y  d i s t r i b u t e d  as a func t i on  o f  (1 There 
i s  roughly an equal popu la t ion  of Amors, w i t h  q between 1.0 and 1.3 AU, dtid o f  Earth-  
crossers w i t h  q between 0.7 and 1 .@ AU. Among the discovered ob.jects there dt'e 20 knors 
w i t h  reasonably w e l l  def ined o r b i t s  i n  the range 1.0 AU - q \ 1.3 AU drld there  a re  14 
Earth-crossers w i t h  0.7 AU . q i 1.0 AU. 
The d i s t r i b u t i o n  o f  as tero ids  by q i n  the v i c i n i t y  o f  1 AU appears t o  be exp l i cab le  
only i f  the m a j o r i t y  o f  Earth-crossers have been in jec ted  more o r  less d i r e c t l y  i n t o  
Earth-crossing g r b i  t s  from some source o ther  than Mars-crossers. Pt.ogressive evo lu t i on  
o f  t y p i c a l  Mars-crossers i n t o  Earth-crossers may account f o r .  a t  most. 10-201 of the  
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Earth-crossers. The t - ~ a i n d e r  must be der ived c h i e f l y  from somewhat deeper regions o f  
the  as te ro id  b e l t  o r  from comets. C o l l i s i o n  debr is  from astero ids  near the secular reso- 
nances can be i n jec ted  d i r e c t l y  i n t o  Earth-crossing o r b i t s  (Wi l l iams, 1973a,b). For 
the cases studied so far, a few percent o f  the  e jec ta  becomes d i r e c t l y  Earth-crossing 
(Wi l  l iams, personal comnunication, 1973). Other Earth-crossing ob jec ts  a re  der ived from 
pe r tu rba t i on  by Mars of Mars-crossing deb r i s  which was n c t  i n i t i a l l y  i n j e c t e d  as deeply 
i n t ~  a resonance (Wethe r i l l ,  1977). The combination o f  d i r e c t  i n j e c t i o n  i n t o  resonant 
Earth-crossing o r b i t s  and the secondary per turbat ions by Mars produces one Apol lo  f o r  
ever th ree Amors der ived from the  secular resonances (Wetheri 11, personal communication, 
1918J. A few tens o f  percent o f  the  Carth-crossing as tero ids  may be der ived t h i s  way. 
C o l l i s i o n  fragments der ived from the  margins o f  t he  2 : l  and 5:2 Kirkwood gaps may be i n -  
jec ted d i r e c t l y  i n t o  Earth-crossing o r b i t s ,  h u ~ ,  because two c o l l  i s i o n s  are  requ i red f o r  
t h i s ,  the  y i e l d  of k i lometer-s ized bodies probably i s  very low. So fa,- as the  c e l e s t i a l  
mechanics o f  the  as te ro id  b e l t  i s  present ly  understood, there  appear t o  be no o the r  l i k e l y  
sources o f  Earth-crossers among the as tero ids .  A remaining probable source of Earth- 
crossing as tero ids  i s  the fami ly of shor t -per iod comets. 
A l l  bu t  a few pe r iod i c  comets a r e  Jup i ter -c ross ing and have extremely sho r t  dynam- 
i c a l  l i f e t i m e s .  The Jup i ter -c ross ing comets a re  u n l i k e l y  t o  be captured i n t o  very sho r t  
per iod o r b i t s  by c lose  encounters w i t h  t e r r e s t r i a l  p lanets ,  although t h i s  must happen on 
r a r e  occasions and may produce a few planet-crossing as tero ids .  A few comets, such as 
P/Temple 2, P/Clark, P i G r i g g - S k j e l l ~ r u p  and P/Encke have aphel ia i n s i d e  the - r b i t  o f  
~ u p i t e r .  A l l  o f  these except P/Encke, however, pass w i t h i n  the  sphere o f  i n f l uence  of 
Jup i te r ,  and they have a very h igh  p r o b a b i l i t y  of being e jec ted by J u p i t e r  from the so la r  
system. Ev ident ly  from the a c t i o n  of  nongrav i ta t i ona l  forces, the  aphel ion d is tance of 
P/Encke has been reduced t o  4.1 AiJ (Sekanina, 1971), a c r i t i c a l  threshold below which 
comets and as tero ids  are  r e l a t i v e l y  safe from e jec t i on .  Comets en te r i ng  t h i s  safe reg ion 
have much longer dynamical l i f e t i m e s ,  which w i l l  permi t  a s i g n i f i c a n t  f r a c t i o n  t o  be cap- 
tu red i n t o  s t i l l  smal ler  o r b i t s  by encounters w i t h  the t e r r e s t r i a l  p lanets .  
Two comets i n  moderately s tab le  o r b i t s  appear t o  be near ly  e x t i n c t :  P/Arend-Rigaux 
and P/Neujmin 1 have been as te ro ida l  i n  appearance dur ing recent appat-i t ions ,  a1 though 
observations o f  P/Arend-Rigaux i n  1977 revealed a very weak coma and t a i  1 (Degewi j, 1978). 
Secular v a r i a t i o n  of the  nongrav i ta t iona l  acce le ra t i on  of P/Encke suggests i t  may become 
e x t i n c t  i n  60-70 years (Sekanina, 1972), leaving a k i lometer -s ized i n a c t i v e  body. The 
as te ro id  Hidalgo i s  Jup i ter -c ross ing and i s  very probably an e x t i n c t  comet. Hence there  
i s  l i t t l e  doubt t ha t  a few comets, a t  leas t ,  a re  capable o f  evo lv ing i n t o  p lanet -c ross ing 
asteroids,  by progressive loss o f  t h e i r  v o l a t i l e  cons t i t uen ts  du r ing  p e r i h e l i o n  passages. 
i 1 1 . I t o  susta in  the popu la t i o r~  of Earth-crossing as tero ids .  I r. d i f f i c u l t  t o  g i ve  a r e l i a b l e  The quest ion remains whether the supply o f  comets e-:ering safe o r b i t s  i s  adequate 
! . '  i ? answer t o  t h i s  quest ion as there i s  on l y  one known examp such a comet. The popula- 
1 .  t i o n  of  Earth-crossers to  magnitude 18 i s  roughly 103, anli .ey have a mean l i f e t i m e  near 1 :  2 x 10' years. A new magnitude 18 o r  b r i g h t e r  Earth-crosser IIIJS~ be suppl ied roughly once every 2 x l o 4  years t o  main ta in  the popu la t ion  i n  steady-state.  Marsden (1971) has e s t i -  
. I . .  mated t h a t  t he  l i f e t i m e  o f  a c t i v i t y  of  a shcr t -per iod comet i s  of the  order o f  l o 3  t o  l o 4  
vears. I t  would be a mat ter  o f  luck, then, t o  discover a short-per iod comet, w i t h  a nu- 
c leus k r i z h t r l r  l i tdn magn'tude 18, i n  the process o f  decaying i n t o  an Earth-crossing as te r -  
o id .  "'Encke appears t o  be an example of j u s t  such a comet (Sekanina, 1971). W i th in  the  
l i f e t i m e  of  persons now l i v i n g ,  P/Encke may j o i n  the group of ob jec ts  which, by the stan- 
dard c r i t e r i a  o f  te lescop ic  observation, we recognize as Apo l l ?  as tero ids .  
F i n a l l y ,  i t  i s  of i n t e r e s t  t o  euamice the o r b i t s  of the  known Earth-crossing as tero ids  
t o  see which ones are  most comet-l ike. 197:NA has an aphel ion d is tance of 4.0 AU and an 
i n c l i n a t i o n  o f  68". I t s  Jacobi constant w i t h  respect  t o  J u p i t e r  i s  comparable t o  t h a t  of  , i 
many pe r iod i c  comets and suggests a cometary o r i g i n  f o r  t h i s  ob jec t  (Kresak, 1977). With i 
much less  confidence, a s i m i l a r  case can be made f o r  Sisyphus, 1981, and 1974MA. Adonis, I ' Antinous, 1976WA. and PLS 6334 a l l  have Q near 4 AU find might a l so  be r e l a t i v e l y  unevolved 1 I e x t i n c t  comets. These c r i t e r i a  should be used w i t h  caut ion,  however. Some astero ids  
i 
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. 1. r i n j e c t e d  by c o l l i s i o n s  i n t o  the Kirkwood gaps o r  i n t o  secular resonances can acqu i re  aph- 
. I  . . , 
e l  i o n  distances near 4 AU. Encounters w i t h  t h e  t e r r e s t r i a l  p lanets.  moreover, g r e a t l y  . I 
modify the  o r b i t s  o f  Earth-crossers. Astero ids  w i t h  very small o r b i t s  can be der ived . . 
. , from comets w i t h  o r b i t s  l i k e  t h a t  o f  Encke, and ob jec ts  o r i g i n a t i n g  as t y p i c a l  Mars- 
. , :  
crossers can be placed on comet-) i ke o r b i t s .  . . 
I 
COMPOSITIONAL TYPES AMONG THE EARTH-APPROACH I NG ASTER01 DS < 5 
P rec ise  phys ica l  observations have been made on 14 n e a r - E ~ r t h  as tero ids .  On the 
basis o f  t he  a v a i l a b l e  data, the Earth-crossing as te ro id  popu la t ion  appears t,o be d i f f e r -  : I 
ent  from the Amor populat ion.  The number o f  Earth-approaching as tero ids  f o r  which phys- 
i c a l  observations are  ava i l ab le  i s  s t i  11 very small.  however, and i t  i s  premature t o  draw 
f i r m  conclusions about t he  di f ferences o r  the  s in l i  l a r i  t i e s  of  phys ica l  c h a r a c t e r i s t i c s  
i 
? L 
between the Amors and Earth-crossers on the basis of t h i s  small sample. 
UBV photometrq represents the most complete s e t  of phys icd l  observations obtained 
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Fig.  2. UBV co lo rs  of Earth-approaching ;~s tero ids .  Aeor 
as tero ids  a re  shown w i t h  an open c i r c l e  and Earth-crossers w i t h  
I a ta rge t  symbol. Data are  from TRIAD f i l e  and from Degcwi j I , (1977), and Oegewij e t  a t .  (1978). , . 
Table 3. C lass i  f i c a t i o n  o f  Earth-Approaching Asteroids by Compositional Type 
Amor Asteroids Earth-Cross1 ng Asteroids 
- - 
Composi t i onal Reference Composi t i o n a l  Reference 
1566 Icarus 
887 A1 i nda 1620 Geographos 
1864 Daedal us 
' ~ 1  though l i s t e d  as an Amor as tero id ,  B e t u l i a  i s  Earth-crossing p a r t  o f  the  time. 1960UA 
may a l s o  be Earth-crossing p a r t  o f  t he  t ime. 
2 ~ e l l n e r  and Bowel 1 (1977). . , *  . . 
3 ~ a s e d  on data from Degewij, e t  at. (1978). . 
. {  ; 
4 ~ a s e d  on data from Degewi j (1977). 
, ' , :  
' ~ased  on data from Gradie (1976). 
6 ~ a s e d  on data from Zel l n e r  and Bowel 1 (unpublished). 
broad f i e l d  i n  the U-B versus B-V color. domain. Earth-crossing as tero ids ,  on the o ther  
hand, occupy a smal le r  f i e l d  which i s  character ized by r e l a t i v e l y  h igh  U-B values (oxclud- 
ing, f o r  t he  moment, the  spec ia l  as te ro id  Betul  i a ) .  Most Amors w i t h  UBV co lo rs  c lose t o  
the Earth-crossing as te ro id  f i e l d  are  classed as S-type as tero ids  by Ze l l ne r  and Bowel1 
(1977) and Ze l l ne r  (1978) (see Table 3). The predominance of S-type as tero ids  among the 
Amor group i s  cons is tent  w i t h  the d e r i v a t i o n  o f  these ob jec ts  p r i m a r i l y  from shal lower 
Mars-crossers, as suggested by dynamical considerat ions.  As shown by Chapman e t  a t .  
(1975), Morr ison (1977) and Zel l n e r  and Bowel 1 (1977), S-type as tero ids  a re  the dominant 
type on the inner  edge of the  main as te ro id  b e l t ,  the  p r i n c i p a l  reg ion from which shallow 
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.... - Only one Earth-crosser, Geographos, i s  c e r t a i n l y  an S-type as tero id .  Besides Geogra- * , ' .  , 
phos, the  Apo l lo  as te ro id  Tom fa1 1s w i t h i n  the  Amor as te ro id  UBV f i e l d ,  bu t  Toro i s  d i s -  
- ., . 
t inguished on o ther  physical  c h a r a c t e r i s t i c s  from S-type Amors. The Earth-crossers 1976AA . . 
and Daedalus ; i e  on the mar7in o f  t he  S f i e l d  as def ined by Ze l l ne r  (11(78). Daedalus was . , 
c l a s s i f i e d  as an 0- type asteroid,  along wi  ti! Icarus, by Ze l l ne r  and Bowel 1 (1977) d l  though , , .  
. . p o l a r i m e t r i c  albedo determinat ions used by them i n  d i s t i n g u i s h i n g  t h i s  c lass  have now been 
.,. revised. Icarus and 1976UA. which snow extreme values o f  U 3 ,  near 0.6, and in termedia te  - ~ I \ ,. 
0.8, are  c l e a r l y  d i s t i n c t  from S-type as tero ids  and f rom a l l  measured j ,  . 
, ; . :  It has been widely supposed t h a t  e x t i n c t  cometary nuc le i  might  resemble C-type as te r -  ; , I 
oids.  The basis f o r  t h i s  expecta t ion  i s  the  b e l i e f  t h a t  comets a re  very p r i m i t i v e  ob jec ts  [i I .  and t h a t  C-type as tero ias  are  s i m i l a r  t o  carbonaceous meteor i tes,  which a r e  the most p r i m i -  ; r l  t i v e  meteor i tes recovered. I f  many Earth-approaching as tero ids  ar?  o f  cometary o r i g i n ,  i t  i s  , .  i . , . 6 , - 
p l a u s i b l e  t h a t  some o r  perhap; most carbonaceous meteor i tes  are  der ived from e x t i n c t  comets. , ; I  , ': 
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Semi -mojor Axis I '  :
Fig. 3. Frequency d i s t r i b u t i o n  o f  semimajor axes of Earth-crossing as tero ids .  Names o f  , , , 
as tero ids  fo r  which UBV observations have been made are  shown w i t h  boxes. 1 '  




the ob jec ts  o f  small semimajor ax is ,  where the S-type ob jec t  Geographos and poss ib le  S- 
type 1976AA are, indeed, found. A l a rge r  f r a c t i o n  o f  Earth-crossers o f  l a rge  semimajor 
ax i s  ( r ight-hand s ide  o f  Figure 3), on the o the r  hand, probably are  o f  cometary o r i g i n .  ' t .  t a. 
s , w  
I t  should be borne i n  mind t h a t  comet nuc le i  may have much greater  spectrophotometric ; *. d i v e r s i t y  than i s  comnonly supposed. One p a r t i c u l a r  mechanism by which d i v e r s i t y  might  
a r i s e  i s  suggested by the o r b i t a l  c h a r a c t e r i s t i c s  of Icarus and 1976UA. two ob jec ts  which ' b  s $ 
have near ly  the same UBV c o l o r  and which have extreme U-B values. A t  pe r ihe l i on ,  Icarus > I - ' ,  
approaches w i t h i n  0.18 AU of the  surface o f  the Sun. A t  t h i s  d is tance the peak tempera- ! % 
t u r e  o f  a  blackbody o f  low thermal i n e r t i a  and an albedo of  the  order of  0.2 o r  less  
be about 600°C. Gibson (1976) has shown t o a t  about 502 of  the  carbon i s  l o s t  from the 
carbonaceous meteor i te  Murchison by heat ing :o 600°C f o r  three days. A t  900°C (corre- I t  
sponding t o  a  p e r i h s l i o n  d is tance o f  about C. 1 AU) 95% of the carbon i s  d r i ven  o f f .  Thus, I 1 1 .  \ 
the albedo and color. o f  Icarus may have been a1 tered s i g n i f i c a n t l y  by repeated c lose ap- 
proach t o  the Sun, espec ia l l y  if i t s  p e r i h e l i o n  d is tance were once somewhat l ess  than i t  .. 
. - i s  a t  present.  I t  i s  conceivable t h a t  Icarus  was once a  C-type ob jec t .  1976UA p resen t l y  I '  
grazes the o r b i t  o f  Mercury a t  p e r i h e l i o n  (q = 0.464). A t  t h i s  d istance, maximum tempera- , ; :  
tures are  o f  the order  o f  270°C, which probably a re  too low t o  expel much carbon from the , . 
surface. I t  i s  e n t i r e l y  possible,  however, t h a t  the p e r i h e l i o n  d is tance o f  1976UA was . I  
a lso  a t  one t ime much smal ler .  I I - .  
, . 
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ANDERS: I s  i t  f a i r  t o  compare the  nlrmbers o f  Apol los and Amors? Shouldn' t  one ins tead 
compare masses o f  t he  two populat ions,  because fragmentation goes on a l l  t he  t ime? 
The number doesn' t  stay constant  dur ing the t ime the Mars-crosser supposedly evolved 
t o  an Apol l o .  More l i k e l y  one Mars-crosser g ives  several Apol los j u s t  by fragmenta- i 
t i o n .  
SHOEMAKER: The numbers are  a l l  g iven t o  the same magnitude (and hence s i ze )  l i m i t ,  and 
the  magni tude-frequency d i s t r i b u t i o n  observed f o r  main be1 t astero ids  was used i n  
' I i 
c a l c u l a t i n g  the  number o f  V( l  ,O j  = 18. i t  appears t h a t  t h i s  magnitude-frequency d i s -  
t r i b u t i o n  i s  approximately an e q u i l i b r i u m  fragmentat ion d i s t r i b u t i o n .  Hence the 
e f fec t  of f ragmentat ion o f  Mars-crossers i s  taken i n t o  account. I 
ANDERS: Then you a re  i n t e g r a t i n g  t c  a l a r g e r  q i ze  l i m i t  f o r  t he  Mars-crossers than f o r  
the  Apol los.  
WETHERTLL: It i s  no t  necessary t o  consider f ra~men ta t i on ,  as the v6 resonance has the 
e f f e c t  o f  r a p i d l y  e q u i l i b r a t i n g  the  Apo l lo  and Ainor populat ions.  They should have 
near ly  the same steady-state s i z e  d i s t r i b u t i o n s ,  except f o r  ob jec ts  1 i ke 1036 which 
i s  i n  an unusual ly s tab le  o r b i t  f o r  an Amor. I n  a d d i t i o n  t o  cons ider ing t h e  Amor/ 
Apol lo r a t i o ,  i t  i s  a l so  poss ib le  t o  c a l c u l a t e  t h e  r a t e  a t  which Apol los and Amors 
a re  produced from the l a r g e  main b e l t  as tero ids .  I t h i n k  you cou ld  make 10% of them 
wi thout  too  much t roub le .  But t o  make more than h a l f  seems very d i f f i c u l t .  
ANDERS; The paradox i s  not  as g rea t  as i t  was t e n  y e w s  ago. Ycu should t r y  t o  apply 
a co r rec t i on  f o r  fragmentation and see how much o ?  a discrepancy remains. I t h i n k  
your f a c t o r  o f  ten  w i l l  be reduced by fragmentation. 
WETHERILL: I t h i n k  the  d i f f e r e n c e  between t e n  years ago and now i s  t h a t  we have i d e n t i -  
f i e d  new mechanisms t o  t ranspor t  ob jec ts  from the  main be1 t t o  Earth-approaching o r -  
b i t s .  This decreases the  discrepancy t o  something l i l e  a fac tor  of  t en  r a t h e r  than 
a f a c t o r  o f  100. On the  o ther  hand, I t h i n k  the f a c t o r  o f  t e n  i s  much b e t t e r  estab- 
l i shed;  i t ' s  a much more soph is t ica ted number. 
ANDERS: Par t  o f  t he  problem i s  that ,  a t  the  moment, the s t a t i s t i c s  on Mars-crossers r e s t  
i 
on four ob jec ts .  
SHOEMAKER: There are  two estimates i n  Table 2. One i s  based upon the  four discovered 
objects,  t he  o the r  on a l a r g e r  se t  of  arguments. I t h i n k  the  estimates are  reasonably 
congruent, and ne i the r  i s  l i k e l y  t o  be o f f  by more than a f a c t o r  of  ten. I f  Apol los 
were r e a l l y  der ived by a process which genera l l y  invo lves an evo lu t i on  o f  Mars- 
crossers i n t o  Amors, a1 thotigh n o t  i n  every case, then you would expect t o  see a much 
layger number o f  Amors i o  p ropo r t i on  t o  the Apollos. I 
I NIEHCFF: There cou ld  be another explanat ion f o r  the  discrepancy, and t h a t  i s  when an ob- 
, j e c t  2ecomes an Apol l o ,  i t s  1 i f e t i m e  goes up f o r  some y e t  unexplained reason. 
I ANDERS: the dynamicists a re  cor rec t ,  and I t h i n k  they are, there  i s  no gimmick except ' , 
a very odd resonance occasional 1 y . 
~ ! WETHERILL: Apol los are  no t  'n  t h a t  k ind  o f  resonance. 
SHOEMAKER: You might invoke some resonances 1 i ke t h a t  found fo r  1685 Toro, which would I 
s l i g h t i y  extend the  l i f e t i m e s .  I 
1 I - I "  pi! 
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ARNOLD: Other possible me~hanisms for  the o r i g i n  o f  Apollos and Amors are a1 so going t o  
be ca l led  upon t o  explain why they are roughly equal i n  number. These other  models 
might a lso g ive you the cor rec t  r a t i o  o f  Mars-crossers t o  main be1 t asteroids. Sup- 
pose they are made from comets or  something; once they cross the o r b i t  of  the Earth 
they are much more vulnerable, t h e i r  l i f e t i m e  gets much shorter. So again there i s  
a  discrepancy. < .  
WETHERILL: There i s  something t o  what you say. However, comets are more I! kely t o  have 
an aphelion near Jupi ter ,  so t h e i r  l i f e t i m e  i s  also shortened by in teract ions near 
aphelion as wel l  as by Earth-crossing. To r e a l l y  make i t  work, you have t o  say tha t  
a  comet w i t h  a  small per ihe l ion i s  more 1 i k e l y  t o  be decoupled from Jup i te r  by non- ' 1  
grav i ta t iona l  e f fec ts  i n t o  an o r b i t  1  i k e  t ha t  o f  Com?t Encke than are ones w i t h  a  , , 
l a rger  per ihel ion. This may not  be the case because the t o t a l  amount of gas loss, b ! ,  
i.e., the in tegra l  o f  the nongrav i ta~ iona l  forces, should be the same. But i t  could 
be t h a t  the process i s  nontinear, tha t  ge t t ing  near the Sun changes the lag  angle o r  
something l i k e  t ha t  i n  sucr~ a way i t  favorably places ex t i nc t  comets i n t o  o r b i t s  w i t h  
small periods. 
ARNOLD: The f i r s t  explanation i s  1  i k e l y  t o  be perhaps a 20% e f fec t .  The second may not  
be r i g h t  e i the r ,  but i t  i s  wel l  worth invest igat ing.  
SHOEMAKER: The anomalous r a t i o  o f  Apollos and h r s  i s  the p r inc ipa l  argument f o r  invok- 
:I" . ing  cometary sources f o r  the major i  t y  o f  those asteroids. 
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